In this paper, the Navier-Stokes equations coupled with a Lagrangian discrete phase model are described to simulate the air-particle flows over the S809 airfoil of the Phase VI blade, the NH6MW25 airfoil of a 6 MW wind turbine blade and the NACA0012 airfoil. The simulation results demonstrate that, in an attached flow, the slight performance degradation is caused by the boundary layer momentum loss. After flow separation, the performance degradation becomes significant and is dominated by a more extensive separation due to particles, since the aerodynamic coefficient increments and the moving distance of separation point present similar variation trends with increasing angle of attack. Unlike the NACA0012 airfoil, a most particle-sensitive angle of attack is found in the light stall region for a wind turbine airfoil, at which the lift decrement and the drag increment reach their peak values. For the S809 airfoil, the most sensitive angle of attack is about 3 • higher than that for the maximum lift-to-drag ratio. Hence, the aerodynamic performance of a wind turbine is very susceptible to particles. Based on the most sensitive angles of attack, the more sensitive scope of angles of attack of a blade airfoil and the more sensitive range of rotor tip speed ratios are predicted sequentially. The present study clarifies the principles for the performance degradation of a wind turbine airfoil due to particles and the conclusions are useful for the wind turbine design reducing the particle influences.
Introduction
Wind energy is one of the most important renewable energy resources. However, the performance of a wind turbine is greatly affected by the extremely complex operating environments, such as common sandstorm and rain. For high stability, high efficiency and long life, it is necessary to study the effects of sand particles or rain droplets on the wind turbine aerodynamic performance.
In recent decades, the methodology of computational fluid dynamics (CFD) has become increasingly popular to wind turbine aerodynamics [1] [2] [3] [4] , and various CFD methods, including Reynolds-Averaged Navier-Stokes (RANS) equations [5] , Detached-Eddy Simulation (DES) [6] , Large-Eddy Simulation (LES) [2] , transition prediction [7] , overset grid [8] and hybrid scheme of CFD and blade element momentum (BEM) [9] , have been developed. Especially, a handful of CFD-based studies have been conducted to investigate the effects of sand or rain on the airfoil aerodynamic performance.
In aviation applications, Valentine and Decker [10, 11] developed an iterative, two-way momentum coupled, two-phase flow scheme by linking a thin-layer incompressible Navier-Stokes (N-S) CFD code with a Lagrangian particle tracking algorithm, and successfully simulated the rain phenomenon and the aerodynamic efficiency degradation of the NACA64-210 airfoil in heavy rain. For the same airfoil, Wan and Pan [12] combined the CFD package of FLUENT with a discrete phase model (DPM) to analyze the aerodynamic influences due to heavy rain and demonstrated that the degradation rate of aerodynamic efficiency increases with the rain rate. Wu and Cao [13] simulated the flow over the NACA0012 airfoil in heavy rain by a two-way momentum coupled Eulerian-Lagrangian approach. Their results showed significant aerodynamic penalties at low angles of attack due to rain effects and an about 3 • rain-induced increase in stall angle of attack.
In the field of wind turbine aerodynamics, Salem et al. [14] proposed a CFD model coupled with a deposition model to assess the performance degradation of the wind turbine blade NACA63-215 airfoil, and demonstrated that the operation in the dusty environments can lead to a severe loss of power due to the dust accumulation on the blade surface. Khakpour et al. [15] employed FLUENT together with a Lagrangian particle tracking scheme to study the effects of sand particles on the aerodynamic performance of the S819 airfoil, including the influences of sand dimensions, sand/air drift velocity and sand/air mass flow rate ratio. Cai et al. [16] presented a multiphase CFD model based on the coupled Lagrangian-Eulerian approach to capture the water-film formation over the S809 airfoil and stated that heavy rain could result in a significant performance loss. Cohan and Arastoopour [17] developed a multiphase CFD model to estimate the effect of rain by simulating the water-film formation using the Lagrangian DPM and the Eulerian Volume of Fluid (VOF) model, and observed that the S809 airfoil performance is highly sensitive to the rainfall rate at low rainfall rates. However, if the rainfall rate is high enough to immerse most of the airfoil surface under water, a further increase in the rainfall rate does not have a substantial effect. Douvi et al. [18] computed the air-sand particle two-phase flow over the S809 airfoil by combining the N-S equations with a Lagrangian DPM via FLUENT and found that there was an increase in drag as well as a decrease in lift caused by increasing particle concentrations.
Most of the above-mentioned studies are limited to the prediction of aerodynamic performance loss for an airfoil in an air-particle flow, and the more sensitive region to particles and the difference between aviation and wind turbine type airfoils are still unclear. In this work, the incompressible N-S equations coupled with a Lagrangian DPM will be presented to simulate the air-particle two-phase flow over the S809 airfoil at different Reynolds numbers, particle concentrations and various angles of attack. For comparison, an airfoil of a 6 MW wind turbine and the NACA0012 airfoil will also be included. The particle influences on aerodynamic parameters and especially on flow separation will be analyzed in detail, and the more sensitive range of angles of attack to particles will then be determined. Finally, the angle of attack of a wind turbine blade airfoil will be related to the rotor tip speed ratio in order to predict the more sensitive region of tip speed ratios.
Numerical Method for Air-Particle Two-Phase Flow Simulation
The continuum air phase is simulated by solving the following incompressible N-S equations written in coordinate invariant formulation
where x i stands for a coordinate direction, u i denotes a component of fluid velocity vector, ρ, p and ν are the fluid density, pressure and kinematic viscosity coefficient, respectively, ∇ 2 represents the Laplace operator, and F P,i refers to the momentum source/sink "body force" term accounting for the particle effect on the fluid phase.
The k − ω Shear-Stress Transport (SST) two-equation model [19] is employed in the turbulence modeling, which combines the positive features of k − ω model and a high Reynolds number k − ε model. The k − ω SST model has been proven to work well for wind turbine applications [20] . The transport equations for the turbulent kinetic energy and the specific dissipation of turbulence read in differential form
where k is the turbulent kinetic energy, ω is the rate of dissipation per unit turbulent kinetic energy. The terms on the right-hand side of Equation (2) represent conservative diffusion, eddy-viscosity production and dissipation, respectively, and the last term in the ω-equation describes the cross diffusion. More details about the k − ω SST model can be found in Ref. [19] . For the continuum phase, the SIMPLEC (Semi-Implicit Method for Pressure-Linked Equations-Consistent) algorithm [21] and the second-order upwind scheme are used for the pressure-velocity coupling and the convection terms, respectively. An implicit method is applied to the time discretization.
For the dispersed phase, a two-way coupled scheme is adopted and particles are assumed to be non-interacting, non-deforming and non-evaporating spheres. Then, the particle trajectories can be solved from the following DPM [13] formulated in a Lagrangian reference frame
where the subscript P denotes the particle phase, v is the velocity vector, g is the acceleration of gravity, x P is the particle position, and the term β(v − v P ) is the drag of per unit particle mass with β being calculated from
where D P is the particle diameter, C D,P is the particle drag coefficient estimated by using the spherical drag law of Morsi and Alexander [22] . Particle drag acts as the momentum coupling between the fluid and particulate phases. It is explicitly considered in the particle equation of motion. As for the continuous phase, the additional momentum source/sink term F P,i in Equation (1) can be then evaluated from
where Ω cell is the volume of the grid cell, m P is the particle mass, and the sum is over all particles that traverse the cell.
Validation of Numerical Method

One-Phase Air Flow Simulation for S809 Airfoil
The present CFD method is validated by applying it to simulate the one-phase air flow over the S809 airfoil of the NREL Phase VI wind turbine blade. This airfoil has a thickness of 21%. Figure 1 displays the computational domain and structured C-grid with 147,552 cells, where c denotes the airfoil chord. The first grid node is located at the distance y+ ≤ 1 from the wall with y+ denoting the non-dimensional wall coordinate.
The present CFD method is validated by applying it to simulate the one-phase air flow over the S809 airfoil of the NREL Phase VI wind turbine blade. This airfoil has a thickness of 21%. Figure 1 displays the computational domain and structured C-grid with 147,552 cells, where c denotes the airfoil chord. The first grid node is located at the distance y+ ≤ 1 from the wall with y+ denoting the non-dimensional wall coordinate. where λ denotes the tip speed ratio, R and ω are the rotor radius and angular velocity, respectively, and V ∞ is the wind speed. Figure 1a , and the no-slip condition is imposed on the solid wall. Figure 3 compares the computed lift (CL) and drag coefficients (Cdp and Cdw) with the experimental data [23] , where Cdp is the pressure drag coefficient and Cdw is the wake drag coefficient. In Figure 3 , the computed and experimental lift coefficients are in good agreement. Due to the lack of friction drag in Cdp, the computed drag coefficients are closer to Cdw. In Ref. [18] , the same numerical method was applied to the S809 airfoil, and a similar difference in drag between 
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S809 airfoil of the NREL Phase VI wind turbine blade. This airfoil has a thickness of 21%. Figure 1 displays the computational domain and structured C-grid with 147,552 cells, where c denotes the airfoil chord. The first grid node is located at the distance y+ ≤ 1 from the wall with y+ denoting the non-dimensional wall coordinate. where λ denotes the tip speed ratio, R and ω are the rotor radius and angular velocity, respectively, and V ∞ is the wind speed. Figure 1a , and the no-slip condition is imposed on the solid wall. Figure 3 compares the computed lift (CL) and drag coefficients (Cdp and Cdw) with the experimental data [23] , where Cdp is the pressure drag coefficient and Cdw is the wake drag coefficient. In Figure 3 , the computed and experimental lift coefficients are in good agreement. Due to the lack of friction drag in Cdp, the computed drag coefficients are closer to Cdw. In Ref. [18] , the same numerical method was applied to the S809 airfoil, and a similar difference in drag between Figure 1a , and the no-slip condition is imposed on the solid wall. Figure 3 compares the computed lift (C L ) and drag coefficients (C dp and C dw ) with the experimental data [23] , where C dp is the pressure drag coefficient and C dw is the wake drag coefficient. In Figure 3 , the computed and experimental lift coefficients are in good agreement. Due to the lack of friction drag in C dp , the computed drag coefficients are closer to C dw. In Ref. [18] , the same numerical method was applied to the S809 airfoil, and a similar difference in drag between computation and experiment was obtained. In the rest of the paper, only the increments of lift and drag coefficients due to particles are discussed, but for the lift-to-drag ratio. computation and experiment was obtained. In the rest of the paper, only the increments of lift and drag coefficients due to particles are discussed, but for the lift-to-drag ratio.
The computed pressure coefficient (Cp) distributions are compared with the experimental data [23] in Figure 4 for several angles of attack at Re = 1 × 10 6 . As can be seen, they are in excellent agreement, which means that the separation points can be well predicted. The computed pressure coefficient (C p ) distributions are compared with the experimental data [23] in Figure 4 for several angles of attack at Re = 1 × 10 6 . As can be seen, they are in excellent agreement, which means that the separation points can be well predicted.
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Gas-Solid Two-Phase Flow Simulation for a Circular Cylinder
The present numerical method is further applied to simulate the unsteady gas-solid two-phase flow over a circular cylinder. The Stokes (St) number is a critical parameter for quantifying the resistance of the particles to changes in their translational and rotational velocities due to the surrounding fluid flow, which is defined as the ratio of the particle relaxation time P τ to the fluid relaxation time τ 
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where D denotes the diameter of the circular cylinder. In the experiment [24] , D = 10 mm, the Re number based on D and V ∞ equals 2125, ρ P = 2500 kg/m 3 , and three St numbers of 0.98, 6.5 and 19.7 are investigated by using different particle diameters at a fixed particle concentration m = 10%, where m is defined as the mass flux percentage of particle phase to air phase. The same parameters are considered in the numerical simulations. Figure 5 presents the particle dispersion pictures at three St numbers. As can be observed, the computed flow patterns are similar to the experimental results; with increasing St, the interaction between the particles and the vortices decreases. 2500 kg/m 3 , and three St numbers of 0.98, 6.5 and 19.7 are investigated by using different particle diameters at a fixed particle concentration m = 10%, where m is defined as the mass flux percentage of particle phase to air phase. The same parameters are considered in the numerical simulations. Figure 5 presents the particle dispersion pictures at three St numbers. As can be observed, the computed flow patterns are similar to the experimental results; with increasing St, the interaction between the particles and the vortices decreases. 
Aerodynamic Sensitivity Analysis to Particles for S809 Airfoil
To investigate the aerodynamic sensitivity to particles, an air-particle two-phase flow over the S809 airfoil is simulated at different Re numbers, particle concentrations and angles of attack. In this work, the particle diameter and density are set as 50 µm and 1000 kg/m 3 , respectively. As sketched in Figure 1a , particles are injected from an upstream plane with a 5c distance from the airfoil. The injection velocity of particle is equal to the wind speed.
Particle Effects at Different Re Numbers
Four Re numbers of 0.75 × 10 6 , 1 × 10 6 , 1.25 × 10 6 and 1.5 × 10 6 are computed at a fixed particle concentration m = 1%. Figure 6 shows the variations of lift and drag coefficient increments with the angle of attack α, where the relative increments are calculated from
with the subscripts P and g denoting the flows with and without particles, respectively.
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As can be observed from Figure 6 , the particle phase leads to a lift decrease and a drag increase; with increasing angle of attack, the lift decrement and drag increment present similar variation trends, i.e., from increasing to decreasing and to increasing again, and there is a most sensitive angle of attack at which the increments of aerodynamic coefficients reach their peak values; with Re increasing from 0.75 × 10 6 to 1.5 × 10 6 , the most sensitive angle of attack increases from 8.6° to 10.1° roughly; in all cases, the maximum increments of lift and drag coefficients are −5.74% and 21.19%, respectively. Considering the actual Re range shown in Figure 2 , the more sensitive region of angles of attack is conservatively determined as from 7.1° to 11.1°, which is marked by a square in Figure 6 . In Figure 6 , the aerodynamic coefficient increments change slowly in the range of small angles of attack without flow separation. In an attached flow, the airfoil aerodynamic performance is affected by the boundary layer momentum loss due to particles. Figure 7 illustrates the velocity profiles at three positions on the S809 airfoil surface with relatively large curvatures, where the legends of upper and lower refer to the upper and lower surfaces, respectively. The particle phase makes the velocity in the boundary layer decrease, and the influence near the leading edge is greater. As can be observed from Figure 6 , the particle phase leads to a lift decrease and a drag increase; with increasing angle of attack, the lift decrement and drag increment present similar variation trends, i.e., from increasing to decreasing and to increasing again, and there is a most sensitive angle of attack at which the increments of aerodynamic coefficients reach their peak values; with Re increasing from 0.75 × 10 6 to 1.5 × 10 6 , the most sensitive angle of attack increases from 8.6 • to 10.1 • roughly; in all cases, the maximum increments of lift and drag coefficients are −5.74% and 21.19%, respectively. Considering the actual Re range shown in Figure 2 , the more sensitive region of angles of attack is conservatively determined as from 7.1 • to 11.1 • , which is marked by a square in Figure 6 .
In Figure 6 , the aerodynamic coefficient increments change slowly in the range of small angles of attack without flow separation. In an attached flow, the airfoil aerodynamic performance is affected by the boundary layer momentum loss due to particles. Figure 7 illustrates the velocity profiles at three positions on the S809 airfoil surface with relatively large curvatures, where the legends of upper and lower refer to the upper and lower surfaces, respectively. The particle phase makes the velocity in the boundary layer decrease, and the influence near the leading edge is greater. Appl. Sci. 2019, 9, With a further increase in the angle of attack in Figure 6 , flow separation occurs and the magnitudes of lift and drag increments increase sharply till the most sensitive angle of attack. Figure  8 plots the location of separation point and its dimensionless moving distance defined as
with P x and g x being the x coordinates of separation point in the air-particle and air flows, respectively. As can be found from Figure 8 , the particle phase causes the separation point to move upstream, that is to say, flow separation becomes more extensive. In Figures 6 and 8b , the separation point moving distance and the aerodynamic coefficient increments have similar variation trends with the angle of attack, and at each Re number, there is a about 1° angle difference between the maximum upstream-moving distance of separation point and the maximum lift decrement. Consequently, in the case of flow separation, it can be concluded that the particle influences on flow separation dominate the variations of aerodynamic coefficient increments and result in the severer aerodynamic performance degradation in Figure 6 . 
Effects of Particle Concentration
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The particle concentration m is related to a specific environment. It may be less than 0.5% and more than 2% under the sandstorm and rain conditions, respectively. In this subsection, three particle concentrations of 0.5%, 1% and 2% are considered at Re = 1 × 10 6 . As displayed in Figure 9 , a higher concentration leads to a greater influence. The maximum lift and drag coefficient increments are respectively −2.6% and 10% at m = 0.5%, and they are −9.7% and 37.4% at m = 2%. The most sensitive angle of attack maintains a fixed value of 9.1 • for three particle concentrations, which means that the particle concentration does not affect the most sensitive angle of attack.
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(a) (b) Figure 9 . Particle concentration effects on lift and drag coefficient increments of S809 airfoil at Re = 1 × 10 6 : (a) Lift coefficient increment; (b) drag coefficient increment. Figure 10 shows the effects of particle concentration on the surface pressure distribution. The pressure difference between these particle concentrations is slight at α = 4.1°, while it is significant at α = 9.1° since a larger concentration leads to a more extensive flow separation. Figure 11 gives the moving distance of separation point at three particle concentrations and Re = 1 × 10 6 . Likewise, a larger particle concentration causes a larger moving distance. The maximum upstream-moving distance increases from 5% at m = 0.5% to 17.2% at m = 2%. For three particle concentrations, the angle of attack corresponding to the maximum moving distance also equals a constant value of 8.1°, which is 1° smaller than the most sensitive angle of attack of 9.1°. So, this angle difference is not influenced by the particle concentration, which has been verified to be independent of Re number in Section 4.1.
A wind turbine generally operates around the maximum lift-to-drag ratio. Figure 12 illustrates the lift-to-drag ratio of the S809 airfoil at different particle concentrations and Re = 1 × 10 6 . As can be seen, the lift-to-drag ratio decreases with increasing particle concentration, the peak angle of attack is between 6.1° and 7.1° approximately, which is about 3° smaller than the most sensitive angle of Figure 10 shows the effects of particle concentration on the surface pressure distribution. The pressure difference between these particle concentrations is slight at α = 4.1 • , while it is significant at α = 9.1 • since a larger concentration leads to a more extensive flow separation.
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A wind turbine generally operates around the maximum lift-to-drag ratio. Figure 12 illustrates the lift-to-drag ratio of the S809 airfoil at different particle concentrations and Re = 1 × 10 6 . As can be seen, the lift-to-drag ratio decreases with increasing particle concentration, the peak angle of attack is between 6.1° and 7.1° approximately, which is about 3° smaller than the most sensitive angle of attack of 9.1°. Hence, the aerodynamic performance of a wind turbine is susceptible to particles considering its operating state, environments as well as pitch control. 
Particle Effects on Other Two Airfoils
For a further verification, the NACA0012 airfoil and the NH6MW25 airfoil of a 6 MW wind turbine blade are introduced. The NH6MW25 airfoil sketched in Figure 13 has a thickness of 25%. A wind turbine generally operates around the maximum lift-to-drag ratio. Figure 12 illustrates the lift-to-drag ratio of the S809 airfoil at different particle concentrations and Re = 1 × 10 6 . As can be seen, the lift-to-drag ratio decreases with increasing particle concentration, the peak angle of attack is between 6.1 • and 7.1 • approximately, which is about 3 • smaller than the most sensitive angle of attack of 9.1 • . Hence, the aerodynamic performance of a wind turbine is susceptible to particles considering its operating state, environments as well as pitch control.
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For a further verification, the NACA0012 airfoil and the NH6MW25 airfoil of a 6 MW wind turbine blade are introduced. The NH6MW25 airfoil sketched in Figure 13 has a thickness of 25%. Figure 14 compares the lift coefficient curves at Re = 1 × 10 6 between the NACA0012 airfoil and two wind turbine airfoils of S809 and NH6MW25. Different from the NACA0012 airfoil, the flow over a wind turbine airfoil separates at a smaller angle of attack and its typical lift curve consists of the linear, light stall and deep stall sections. As can be seen from Figure 14 , for the S809 airfoil at Re = 1 × 10 6 , the most sensitive angle of attack of 9.1 • is just located in the light stall section. The air-particle flows over the NH6MW25 and NACA0012 airfoils are simulated at m = 1% and Re = 1 × 10 6 . Figures 15 and 16 show the lift and drag coefficient increments for the NH6MW25 and NACA0012 airfoils, respectively. For the NH6MW25 airfoil, the variation trends of aerodynamic coefficient increments with the angle of attack are similar to those of the S809 airfoil displayed in Figure 6 , and the most sensitive angles of attack for lift and drag equal 10 • and 9 • , respectively, which also locates in the light stall section (see Figure 14 ). However, for the NACA0012 airfoil, there is not a most sensitive angle of attack and the particle influences increase with increasing angle of attack due to the lack of light stall.
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Appl. Sci. 2019, 9, x FOR PEER REVIEW 13 of 16 maximum increments of aerodynamic coefficients and the maximum moving distance of separation point for the NH6MW25 airfoil. Figure 18 displays the pressure distributions over the S809 and NH6MW25 airfoils at Re = 1 × 10 6 and m = 0%. Due to the difference in the position of the highest point on the upper airfoil surface as well as the curvature difference between these two airfoils (see Figure 13 ), the adverse pressure gradient in the vicinity of the highest point on the upper surface of the S809 airfoil in Figure 18 locates farther downstream and is stronger compared with the NH6MW25 airfoil. So, in Figure 17a , the separation point on the S809 airfoil moves upstream much faster while the angle of attack approaches the angle for maximum lift, and the curves for these two airfoils intersect. 
Sensitive Tip Speed Ratios to Particles for Phase VI
The angle of attack of each blade section can be related to the tip speed ratio by 1 arctan
where r α is the sum of the twist angle and the pitch angle, r is the dimensionless radius defined as r r R = with r being the local radius. 
The angle of attack of each blade section can be related to the tip speed ratio by
where α r is the sum of the twist angle and the pitch angle, r is the dimensionless radius defined as r = r/R with r being the local radius. The more sensitive tip speed ratios can be then predicted from the more sensitive angles of attack by using Equation (10) . Figure 19 shows the angles of attack of the Phase VI blade sections at different tip speed ratios and a zero pitch angle. In Section 4, the more sensitive range of angles of attack of the S809 airfoil has been determined as from 7.1 • to 11.1 • . Subsequently, it can be analyzed from Figure 19 that the more sensitive region of tip speed ratios of Phase VI is from 7 to 12.
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Conclusions
To investigate the aerodynamic sensitivity to particles for a wind turbine airfoil, the incompressible RANS equations have been coupled with a DPM model, and the air-particle flows have been simulated for the S809 airfoil of the Phase VI blade, the NH6MW25 airfoil of a 6 MW wind turbine and the NACA0012 airfoil. According to the numerical results and analyses, the following conclusions can be drawn.
(1) In an attached flow, the particle-induced aerodynamic performance degradation is relatively slight and is caused by the boundary layer momentum loss. In the case of flow separation, a significant degradation is induced by a more severe separation due to particles. (2) For a wind turbine airfoil in an air-particle flow, the lift decrement, drag increment and the upstream-moving distance of separation point vary with the increasing angle of attack from increasing to decreasing and to increasing again. A most sensitive angle of attack to particles is 
(1) In an attached flow, the particle-induced aerodynamic performance degradation is relatively slight and is caused by the boundary layer momentum loss. In the case of flow separation, a significant degradation is induced by a more severe separation due to particles. (2) For a wind turbine airfoil in an air-particle flow, the lift decrement, drag increment and the upstream-moving distance of separation point vary with the increasing angle of attack from increasing to decreasing and to increasing again. A most sensitive angle of attack to particles is found in the light stall region, and it is about 3 • higher than the angle of attack for the maximum lift-to-drag ratio for the S809 airfoil. Hence, the aerodynamic performance of a wind turbine is very susceptible to particles considering its operating state, environments as well as pitch control. (3) For the S809 airfoil, the most sensitive angle of attack is not affected by the particle concentration within the considered range of m ≤ 2%. (4) Unlike a wind turbine airfoil, there is not a most sensitive angle of attack to particles for the NACA0012 airfoil due to the lack of light stall. 
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